In this paper the voltage/current characteristics and the effect of NO 2 gas on the electrical conductivity of a PbPc gas sensor array is studied. The gas sensor is manufactured using vacuum deposition of gold electrodes on sapphire substrate with the lead-phathalocyanine vacuum sublimed on the top of the gold electrodes. In a comparison between two versions of the PbPc gas sensor array, it was found that they differ in gap sizes between the deposited gold electrodes. The sensors are tested at different temperatures to account for conductivity changes as the molecular adsorption/desorption rate is affected by heat. The obtained results are found to be encouraging as the sensors showed stability and sensitivity towards low concentrations of applied NO 2 gas.
Introduction
The gases absorbed on the surfaces of the organic materials have a marked effect on the electrical conductivity of these materials, where the electrical conductivity of an organic material that contains transition and heavy central atoms changes by many orders of magnitude when a gas adsorbs on its surface.
Adsorption involves the formation of bonds between the adsorbed gas and the organic material by the transfer of electrical charge. The charge transfer changes the electronic structure of the material, thus changing its conductivity. Changes in the conductivity are related to the number of gas molecules adsorbed on the surface, and hence, to the concentration of the adsorbed species in the surrounding atmosphere. The measurement of changes in electrical conductance due to gas adsorption makes organic materials ideal for the detection of low gas concentration.
The conductivity of an organic material can either be affected at the surface with no bulk interaction, or following the reaction at the surface; carriers can be injected into the bulk causing both surface and bulk conductivities to be affected [Carotta et al., 2001; Hatfield et al., 2000; .
When a gas molecule chemisorbs on the surface of the organic material, an electron or several electrons may be transferred from one to the other, where the direction of transfer depends on the electronegativity of the gas and the work function of the solid. Also the physisorption of the gas plays an important role in the overall mechanism of gas adsorption and subsequent conductivity changes in the organic material. The adsorption of the gas molecules as ions on the surface removes electrons from the solid and localizes them at the surface, thus generating electron traps in the solid. This results in an increase in the hole concentration and therefore an increase in the conductance as the material will function as a P-type material [Mirtaheri et al., 2004 , Marian et al., 2001 .
In this paper the properties of the PbPc sensor array is confirmed, modeled, and employed in an intelligent discriminating and controlling system. The system uses the inter-digital geometry together with PbPc film properties to distinguish between types of gases.
Background

Metal-phthalocyanines
Metal-phthalocyanines are a group of organic materials known to have several properties that make them attractive as a potential gas sensing materials or gas detectors. They have the following desirable properties:
• They are considered to be good electrical conductors, where the charge carriers are known to be positive holes Gutierrez-Osuna & GutierrezGalvez, 2003; Gardner & Iskandarani, 1992] .
• Reaction of phthalocyanines with electron accepting gases should increase its conductivity.
• They are thermally stable to temperatures in excess of 400 • C.
• They can be used for extended periods at elevated temperatures.
• Organic groups can be easily modified and functional groups can be substituted on either ring structure or on the central hydrogen atom in the metal-free phthalocyanines (H 2 Pc).
Several of the metal-phthalocyanine materials (e.g. commercial materials) contain significant amounts of impurities which can result in irreproducible electrical characteristics, which can be purified using either gas-entrainer sublimation (in nitrogen or oxygen) or by vacuum sublimation (the used technique in our work). The purification process leads to stable and reproducible electrical characteristics. Early studies of phthalocyanines showed that many are sensitive to the presence of NO 2 with an increase in the sensitivity observed when the phthalocyanines contains heavier central atoms.
Metal-phthalocyanines organic semiconductors are found to undergo conductivity changes upon the adsorption of strongly electrophilic gases such as NO 2 , Cl 2 and F 2 . The magnitude and reversibility of these conductivity variations are found to be dependant on the central metal species. Because of their high decomposition temperatures (450 • C), phthalocyanines can be vacuum evaporated to produce thin films. The deposition of such films on the surface of a substrate eliminates some of the complications arising from having to consider both surface and bulk conductivities in the analysis process. The absence of bulk conductivity effect will improve the response and recovery times of the designed sensor array. However, the presence of impurities will affect resistivity, linearity, hysterisis and drift of the electrical characteristics. In addition the conduction activation energy and the specific conduction mechanism will be affected.
Changes in conductivity are caused by electron transfer between adsorbed molecules and the semiconductor surface. The electrical conduction takes place via individual SnO 2 grains. NO 2 gets chemisorbed at the surface of SnO 2 grains. Hereby they trap electrons at the surface. SnO 2 in an n-type semiconductor. Hence the trapping of the free electrons causes a decrease in free charge carrier concentration and therefore an increase in the sensor resistance.
Lead-phthalocyanines (PbPc)
Lead-phthalocyanines are the most sensitive and stable Phthalocyanine materials. Although, insensitive to a wide range of gases (e.g. weak electrophilic and electrophobic gases and CH 4 , CO, CO 2 , H 2 O, H 2 , hydrocarbons and changes in O 2 pressure), the PbPc based sensor is very sensitive and is potentially useful in detecting strong electrophilic gases particularly to NO 2 or NO x and will respond to low concentrations of F 2 and less than 1 ppm concentration of Cl 2 gases. Thus it could form the basis of a highly sensitive and selective NO 2 or NO x sensor and it is suitable for detecting these gases at concentrations from 1 ppb to 10 ppm in air and retains discrimination to concentrations above 100 ppm.
Since PbPc has high sensitivity and selectivity to strongly accepting gases such as NO 2 , Cl 2 , F 2 and O 3 , discrimination between strongly accepting gases and other gases is achieved by careful choice of operating temperatures. However, the stability and electrical properties of this type of sensors is affected by water vapor, so a heating element is usually fitted to the back of the sensor to eliminate such a factor.
It is found [Gardner & Iskandarani, 1992 ] that PbPc sensor is most sensitive to NO 2 gas and can be operated in a continuous mode at temperatures above 100 • C with its sensitivity and stability decreasing as the temperature approaches 200 • C. These temperatures are also a function of PbPc film thickness deposited on the substrate and can be extended when thick films are used.
PbPc Sensor Design
The sensor is based on a sapphire substrate (Alpha-Al 2 O 3 ), which usually contains traces of Fe and Ti ions. The substrate has a very Masks were made from a material called STABILENE to produce the following parts forming the overall device: (a) Contact pads (b) Device structure (finite co-planar electrode configuration) (c) Pads and PbPc windows To enable the above patterns to be transferred to the substrate surface, the masks have to be reduced first in size and their images printed on glass slides over two stages:
(i) First stage reduction is carried out using the "first reduction camera". Each mask is placed in turn on a screen with a high resolution Kodak type (1A) glass plate held by a vacuum supplied through a pipe. To obtain a clear image, the camera focus and the distance between lenses and mask are adjusted and set to appropriate values. Light is then passed through the mask for duration of time controlled by a timing device, then projected through the lenses onto the glass plate. The exposing time was chosen carefully so the image was not under or overexposed. (ii) A second stage reduction is also carried out using a "second reduction camera" (step and repeat camera), where a process of multiplication is employed.
Metal deposition using electron beam evaporation is a conventional method of depositing metal films. The process is carried out under vacuum in an Edwards evaporator. The evaporating apparatus consists simply of a circular filament and a crucible for the material to be evaporated. The crucible is held at earth potential and the filament at a high negative potential that accelerates electrons from the filament to strike the material in the crucible. The impact of these electrons heat the material to its melting point, and evaporation then occurs, the material sublimes into a thin film covering the required surface area of the wafer (using the e-beam method and under 5 × 10 −6 Torr vacuum).
After metal deposition, the wafer was coated with positive photoresist (Shipley Tf-16). The device is then spun. The spinner used consists of a small electrical motor driven from the mains with a speed controller. A vacuum pump is used to hold the substrate to the rotating part of the spinner for one or several small substrates, while a larger revolving part with a push fit restrainer was used with larger size and/or larger number of substrates.
After photoresist deposition the wafer was soft baked. This process generally known as pre-baking is used to improve adhesion and remove solvent from the photoresist. After prebaking, the photoresist is ready for mask alignment and exposure. So the wafer is placed in the mask aligner which has the function of transferring the mask pattern to the photoresist coated wafer, with the pads mask laid above the wafer and aligned visually using the optical arrangement. When aligned, the substrate is held in place by vacuum. The mask and substrate are then exposed to ultraviolet. The exposed wafer is then developed in Shipley Mf-319 (undiluted) solution. Thereafter the wafer is hard baked in order to harden the photoresist and further improve adhesion to the substrate. The same wafer is put in the evaporator under high vacuum and Au is deposited.
The wafer is coated again with Tf-16 positive photoresist, spun at high speed, and then soft baked. Thereafter the wafer and the device mask are placed in the mask aligner, exposed to ultraviolet light, developed in Shipley Mf-319 and then hard baked. The wafer is then etched to produce the device gold structure. The extra photoresist is removed using acetone. S1813, a negative photoresist is applied to the wafer which is then spun at high speed and then soft baked. Thereafter, the wafer and the windows mask are placed in the mask aligner, exposed to ultraviolet light, then developed in Shipley 351. The wafer is then hard baked. Resist at this stage is not removed from the device; only pads and PbPc windows are cleared of resist.
Experimental Setup
The sensor is mounted on a transistor like base as shown in Fig. 3 , as it comprises of three gaps. A testing chamber is built with air and temperature controls supplied through a computer controlled unit.
Electrical characteristics of the sensor and its response to gases are recorded via specially designed hardware/software system as shown in Fig. 4 [Cole et al., 1999; Dyer & Gardner, 1997; Gardner et al., 1996] .
The DC conductivity sensor consists of a resistive layer, which is deposited on top of the electrode structure. The substrates can be miniaturized and mounted on commercial standard sockets.
Gases in the atmosphere interact with the resistive layer. The gases get absorbed onto the sensor surface and, depending on the nature of their interaction electrons are trapped or released into the bulk. Changes in the ambient atmosphere reflect the changes in the sensor resistance. The gas-sensor interaction is shown in Fig. 5 .
The measured conductivity is a combination of a conductivity contribution of the surface, which is affected by the gas, and a conductivity contribution of the bulk, which is typically unaffected at the operation temperature of the sensor.
Sensor interface circuit
The obtained signals from the PbPc sensor array is known to have relatively small values, hence, a differential amplifier interface circuit is designed and used to condition the sensor output signal to the remaining part of the signal processing system, which also includes A/D converter and noise filters. The basic amplifying unit is shown in Fig. 6 [Perera et al., 2002; Gardner et al., 2000; Gutierrez-Osuna & Nagle, 1999] .
In Fig. 6 two inter electrodes each produces a voltage signal proportional to the gap size and film thickness of the deposited PbPc film. The difference in the voltage of each electrode is amplified and processed to the next stage. The amplifying unit acts as an impedance matcher, so that a correct measure of the detected gas level is acquired with minimal signal loss.
Interfacing algorithm
After digitizing the amplified and cleaned sensor array signals, they are processed to be analyzed using the algorithm shown in Fig. 7 .
Mathematical Modeling
To model the behavior of our multi-gap sensor, a form of linear transformation is used to transform a unit circle of the Z-plane to the upper half (I m > 0) of the W-plane as shown in Figs. 8(a)  and 8(b) .
Consider the transformation:
Now, if (x 1 ) is any general point on the X-axis of the Z-plane and if it is represented in its polar form with a corresponding angle of (θ 1 ) then, Eq. (2) can be written as: Fig. 8(a) . Inter-electrode gap separations. Fig. 8(b) . Inter-electrode angle.
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and thus,
Whence,
Now, the SCHWARZ complex potential solution W = θ + jψ is obtained through the following evaluation:
Substituting Eqs. (2), (3) and (4) into (6) gives:
This is a solution of the first boundary value problem of the first kind in the upper half of the W-plane. The real part in Eq. (8) is:
Equation (9) represents a Poisson's integral formula for the upper half-plane, and for an array of (i + 1) electrodes separated by gaps
Equation (10) can be solved to give:
To find the complex solution W = θ + jψ and the field expression, Eq. (11) is rearranged and written taking into account the following gaps arrangement:
where θ l = arg (z − g l ) is the angle between (z − g l ) and the positive X-axis. Then,
and
Now, Eq. (14) has the following equivalent electrical transformation:
When R and θ, are polar coordinates and
substituting Eqs. (16) into (15) yields:
Now from Eqs. (15), (16) and (17) we can deduce the complex potential as:
and,
Then,
Equation (20) is solved to give:
From Eq. (21):
Here, the field is only dependent on the Y-axis with no gaps realized, it is a bisecting field which varies between ∞ and 0 as y takes on values between 0 and ∞.
(II)
The field in this case has a pole at (x = g n ) for which Eq. (23) is infinite.
(III)
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Here the field has total dependency on x and it is parallel:
Equation (25) describes the field bisecting the gaps and electrodes:
(V) y g n , Equation (25) is reduced to (22).
(VI)
Here the field is completely controlled by the gaps.
Now by integrating Eq. (26) and dividing by ϕ n−1 − ϕ n = ∆v n , we obtain:
when y k can be chosen to represent the film thickness.
Using the temperature dependent general equation
where σ 0 , T 0 are functions of Fermi levels. Now, substituting Eq. (28) into (27) gives
We can also represent the effect of activation energy through Arrhenius behavior:
where E a is the activation energy. Equation (27) becomes:
Equation (31) expresses conductivity in terms of temp, gap width, and film thickness. Table 1 show the testing results of our array sensor using NO 2 gas as the testing substance under normal atmospheric pressure and over temperatures ranging from 110 • C up to 150 • C. It clearly indicates an increase in the output signal response of the sensor as a function of three main factors:
Discussion and Conclusion
(i) Distance between conducting electrodes (inter-digital separation) (ii) Increase in atmospheric temperature (iii) Effect of gas concentration These factors can be used to control the behavior of the sensor in terms of the amount and type of adsorbed odors and the rate of desorption. The table also shows that the increase in output signal current is exponential. The mathematical law governing the response of the sensor is affected by the way the Organic Semi conducting layer is sublimed as well as its thickness and uniformity.
Overall, the obtained characteristics of the tested groups of sensors very much agree with the literature and proves the response shape of such sensor to be a specific case of power law response, which is a real exponential. Each sensor can be modeled as a group of three sensors grouped together which initiates the need to use pattern recognition and smart classification techniques Cole et al., 2001; Shin et al., 2000] .
A suggested neural model would associate the three previously mentioned important parameters, which would implicitly determine gas concentration level and its type. Such a model should allow the process of discrimination between different types of gases and would be able to establish the level of detected gas [Gardner et al., 1998 Llobet et al., 1999a Llobet et al., , 1999b Hines et al., 1999a; Dyer & Gardner, 1997; Vlachos et al., 1996] .
